The fatty acid composition of animal cells cultured in serum-free medium can be manipulated when the synthesis of endogenous fatty acids is inhibited by a biotin analog and fatty acids are supplied in tbe medium as detergent esters of Tween. When mouse LM cells were grown in medium supplemented with Tween-19:0 (an ester of Tween and nonadecanoic acid), odd chain fatty acid content of cellular phospholipids and neutral lipids increased from 1% to 75%. Concurrently, the saturated fatty acid content increased from 27% to 85%. Similar alterations in fatty acid content have been observed when BHK21 cells are subjected to the same enrichment regime. The ability to control the fatty acid composition of cultured animal cells is a prerequisite to investigations into the role of the membrane lipid physical state in processes unique to these cells.
Microbial fatty acid auxotrophs have been used to modify the fatty acid composition of biomembrane lipids in order to study the effect of lipid composition on membrane structure, function, and assembly. Research with fatty acid-requiring mutants of Escherichia coli has yielded significant insight into the nature of membrane assembly (1, 2) . These mutants have also been used to demonstrate a dependence of transport rate on the physical state of membrane lipids (3) (4) (5) (6) (7) (8) .
Animal cells have many functions with no counterpart in microorganisms. They undergo oncogenic transformation and cell-cell fusion. Cell-cell fusion has been implicated in the release of dormant tumor viruses (9) . Membrane-enveloped viruses such as herpes, parainfluenza, influenza, and RNA tumor viruses infect by virtue of their ability to undergo membrane fusion with their host cells, or as a result of pinocytosis (10) . Some type of membrane alteration is implicated in all these processes.
In order to manipulate the physical properties of animal cell membranes, as has already been done in bacterial and fungal systems (11) (12) (13) , we have systematically searched for procedures to force cultured animal cells to incorporate exogenously-supplied fatty acids into membrane lipids. By manipulating the fatty acid composition of these cells, we could analyze the effects of altered lipid fluidity on numerous membrane functions, e.g., cell-cell fusion, virus-cell fusion, antigenic mixing, and phagocytosis.
To date, no one has succeeded in grossly enriching the phospholipids of cultured animal cells with a defined fatty Abbreviations: Saturated, aliphatic, straight chain fatty acids are designated 16: 0 for hexadecanoic acid, 17 (10 g/g of sample) in diethyl ether and washed with three column volumes of ether. Samples were applied in ether containing sufficient methanol to solubilize the Tween portion of the sample. Fatty acids were eluted with four column volumes of ether and the Tween was eluted with four column volumes of methanol.
The purity of the Tween preparations was determined by thin-layer chromatography and gas-liquid chromatography; absence of free fatty acids was verified by thin-layer chromatography and purity of fatty acid composition by gas-liquid chromatography. None of the Tweens contained detectable free fatty acids. Tweens synthesized by Method 1 were at least 90% pure in esterified fatty acid composition; Tweens made by Method 2 were at least 98% pure. Methanol-free Tween preparations were solubilized in glass-distilled water (100 mg/ml) and autoclaved at 15 psi for 15 min.
Lipid Extraction. Trypsinized cell suspensions were diluted 1: 10 with Tris-saline, pelleted by centrifugation (12,100 X g for 15 min), washed once with Tris-saline and again pelleted. Cells were extracted with chloroform: methanol (2:1 v/v). The extract was filtered to remove debris, dried under N2, and suspended before application to predeveloped TLC plates (250 Am of silica gel G; Analtech). Chloroform: methanol: ammonium hydroxide (65: 35: 10 by volume) was used to resolve the phospholipids. Tweens migrated with the solvent front in this system. Lipids were visualized by iodinating an exposed edge of the plate. Areas containing phosphatidylethanolamine and phosphatidylcholine were scraped and eluted with three volumes of methanol followed by one volume of chloroform: methanol (2: 1). Lipids were transmethylated with BF3 (14% in methanol).
Gas-Liquid Chromatography. Gas-liquid chromatography of methylated fatty acids was performed on a Perkin Elmer 990 gas chromatograph. The analytical columns were 1/8 inch by 6 ft stainless steel packed with 100/120 mesh (DMSC) Chromosorb W coated with 10% EGSS-X. Runs were temperature programmed from 1500 to 200°at 4°/min. Peak areas and retention times were calculated using an Infotronics digital integrator.
RESULTS
The protocol developed to enrich LM cells with exogenouslysupplied fatty acids involved growing the cells in modified Eagle's minimal essential medium (see Methods) containing no serum, cholesterol, or extraneous lipids. Fatty aciddetergent esters (Tweens) which act as nontoxic carriers of fatty acid supplements were chemically synthesized to contain a defined fatty acid moiety. To inhibit endogenous fatty acid synthesis, cells were starved for biotin in medium MEM+GV ("biotin-free") containing avidin or desthiobiotin. Desthiobiotin treatment proved to be the more effective method. Since fatty acid desaturase activity is sensitive to fatty acid chain length, the ratio of saturated to unsaturated fatty acids in the cells was manipulated by using Tween-fatty acid esters of appropriate chain length.
Cultures maintained continuously in biotin-starvation medium die within 1-2 weeks. However, the effects of a 4-7 day starvation for biotin are reversible if cultures are shifted to growth in MEM + 0.5% peptone or to MEM+ GVdB + Tween-fatty acid supplement (Fig. 1) .
Cells shifted to Tween-19 :0 medium were analyzed for enrichment of 19:0 in phosphatidylcholine and phosphatidyl-ethanolamine. These contain greater than 80% of the total fatty acids in LM cell phospholipids (16) . Odd chain fatty acids provided a marker for gas-liquid chromatography since the cells synthesize primarily even chain fatty acids. The fatty acid compositions of phospholipids from LM cells maintained on MEM+P medium (0.3 Mg of biotin per g of peptone) and from cells shifted to MEM+GVdB supplemented with Tween-19:0 are described in Fig. 2 . Essentially no odd chain fatty acids were synthesized de novo in the presence of biotin (Fig. 2a) . Cells in biotin-starvation medium containing Tween-19:0 incorporated 19:0 into phospholipids at the expense of even chain fatty acids (Fig. 2b) . Biotin starvation is necessary to maximize the incorporation of exogenous fatty acid into phospholipid. In an experiment done in duplicate under conditions identical to those described for Fig. 2 (MEM+GVdB + 100 Mg/ml of Tween-19:0), 33.4 and 35.9% of the fatty acids in phosphatidylcholine plus phosphatidylethanolamine were derived from Tween-19:0. Under conditions identical to those described for Fig. 2a (MEM+P) , except for the addition of 100 gg/ml of Tween-19:0, only 9.7 and 11.0% of the fatty acids in phosphatidylcholine plus phosphatidylethanolamine were derived from Tween-19:0. The predominant unsaturated fatty acid in the phospholipids of control cultures is 18:1; the level of this fatty acid was reduced in cells enriched for odd chain fatty acids. Although there was always some desaturation of 19:0, the level of desaturation was greatly reduced compared to that of 18:0. Consequently, the saturated fatty acid content increased proportionately to 19 19 :0 by weight). The time periods for initial biotin starvation (4 days) and for growth in the specified media (7 days) were as described in Fig. 1 . MEM+P was used to maintain stock cultures; MEM+ GVdB was used for biotin starvation and was subsequently supplemented with Tween-fatty acid esters to effect enrichment. Biotin supplementation of MEM+GV medium (i.e., MEM+GVB) did not suffice to maintain cell growth indefinitely, nor did it replace Tween-fatty acid esters in promoting the growth of biotin-starved cells. Our present information cannot account for this phenomenon.
We can manipulate the degree of enrichment for an exogenously supplied fatty acid by increasing the growth time in medium supplemented with a Tween-fatty acid ester supplied at constant molarity, or by increasing the concentration of-the Tween-fatty acid ester supplement. The extent to which we can enrich cells for 19:0 is demonstrated in Table 2 . An increase in the concentration of the fatty acid supplement effected increases in enrichment for both odd chain and saturated fatty acids. The data in Table 3 indicate that cells apparently have an increased capacity for elongating 16:0 to C18 fatty acids when the concentration of 16:0 supplement is increased.
Whatever the reason for this, cells grown in medium containcellular growth (approximately 250 ug of Tween-16:0 per ml) have a fatty acid profile similar to that of cells grown in control cultures (Table 1) The protocol we have developed enables us to take novel approaches to studying these problems. Our ability to manipulate the fatty acid composition of BHK21 cells may allow us to investigate possible interrelationships between membrane fluidity and the rate and/or degree of oncogenic transformation. The lipid compositions of cells and enveloped virus can be varied independently by harvesting virus from cells with a fatty acid composition different from that of the experimental host cells. It should thus be possible to assess independently the role of cellular and viral membrane fluidity in the infiltration of cells by enveloped viruses.
Since some membrane-associated enzymes are sensitive to membrane phase behavior (6, 20, 21) , we should be able to monitor fatty acid enrichment in several different membrane fractions (e.g., mitochondrial, plasma, etc.) and proceed to determine how lipid fluidity affects enzyme activity and regulatory phenomena. The known lipid dependence of adenyl cyclase activity is of considerable interest here (22) (23) (24) (25) . Immunological response may also be affected by membrane lipid fluidity. The clustering of antigen receptors on lymphocytes is apparently a prerequisite to subsequent mitogenic response (26) (27) (28) . This clustering undoubtedly requires membrane fluidity. 
